Hydrogenated microcrystalline silicon (µc-Si:H) layers with thickness from 100 to 540 nm were prepared in-situ by plasma enhanced chemical vapor deposition. Growth of µc-Si:H on various substrates (NiCr, device quality, and laser annealed amorphous silicon (a-Si:H)) was studied in ultra high vacuum by atomic force microscope (AFM) using a conductive cantilever which enabled simultaneous measurement of morphology and local current with lateral resolution below 5 nm. The effect of barriers, voltage, and time on contrast in local current map is discussed in detail. Coexistent amorphous and microcrystalline regions are clearly identified due to their different conductivity. Laser annealing of the a-Si:H substrate increases significantly the crystalline fraction at the same layer thickness. Grains as small as 10 − 30 nm separated by less conductive grain boundaries were revealed in microcrystalline regions.
I. INTRODUCTION
Silicon thin films have been successfully applied in various kinds of electronic devices, for instance in flat panel displays and photovoltaic solar cells. Thin film devices can be prepared in large area on inexpensive substrates (glass, stainless steel or polymer foils).
Their advantages are also optical absorbtion higher than in monocrystalline silicon and efficient light trapping.
At present, hydrogenated microcrystalline silicon (µc-Si:H) is intensively studied. It does not suffer from light-induced degradation known for hydrogenated amorphous silicon (a-Si:H) [1] . In the recently introduced micromorph solar cells [2] µc-Si:H was successfully used in tandem combination with a-Si:H.
Thin films of µc-Si:H are usually prepared by plasma enhanced chemical vapor deposition (PECVD). The substrate is known to exhibit a strong influence on the resulting layer structure [3] . When µc-Si:H is deposited on non-crystalline substrates at low substrate temperature (T D < 500
• C) the layer usually grows amorphous at first and so-called incubation layer is formed, in which the crystallites start to nucleate [4] . As the deposition goes on, the silicon crystallites enlarge and aggregate until the transition to fully microcrystalline growth is completed [5] . Depending on the deposition conditions the thickness of the transition layer ranges from several nanometers up to a few hundred nanometers [6] . A series resistance of the transition layer was found to decrease efficiency of the solar cells [7] . After the transition layer the growth may lead to the columnar structure resulting in possible anisotropy in the transport properties [8] .
The electronic defects are supposed to be concentrated at boundaries between the crystalline grains [9] . The grain boundary trapping model introduced by Seto [10] claims that in polycrystalline silicon the transport properties are governed by carrier trapping at the boundaries, leading to creation of potential energy barriers which impede the motion of carriers between grains. However, in relatively small grains (≈ 10 nm) the number of free carriers is not sufficient to completely fill the grain boundary defects and build up the barri-2 ers at the grain boundaries [11, 12] . Yet many impurities, in particular oxygen contamination [13] , can introduce additional carriers and give rise to grain boundary barriers. On the other hand, the grain boundaries can be passivated by high concentration of hydrogen [14] .
The complicated microstructure makes interpretation of µc-Si:H electronic transport measurements difficult. Moreover, standard macroscopic measurement techniques can give only average values of transport characteristics such as conductivity or diffusion length of the carriers.
Various techniques were investigated to find a missing connection between the microstructure and the electronic transport properties. One approach is to modify the macroscopic characterization methods, such as light beam induced current, to probe the material properties locally with lateral resolution as high as possible [15, 16] . Another possibility is to use inherently microscopic techniques, of which scanning tunneling microscopy (STM) or atomic force microscopy (AFM) are main representatives, and to combine them with the detection of particular quantities of interest in parallel to standard surface morphologies [17] [18] [19] .
In a contact mode AFM [20] , where a probing tip is in mechanical contact to the surface, surface corrugation is followed independently of local electronic properties. This is in contrast to studies by scanning tunnelling microscopy [21] , where distinguishing between electronic a morphological features can be difficult. With conductive AFM cantilevers, detection of local currents in parallel with surface morphology is possible [22] . In this manner, transport and structural properties can be directly correlated with very high lateral resolution.
In general, lateral resolution in AFM is determined by a tip-sample contact area. On a smooth surface simple continuum models were found to give a reasonable description of the mechanical behavior of the contact [23] . Specifically, in the Maugis-Dugdale model [24] the intimate contact between a tip and a sample surface is determined by elastic properties and radius of the tip as illustrated by Fig. 1(a) . To find the contact area, the theoretical variation in contact area with applied load (normal force) can be compared with the experimental variation in friction force, lateral tip-sample stiffness or conductivity (for ohmic contacts).
However, due to mechanical and electrical instabilities of available AFM tips it is difficult to find the absolute value with confidence.
On a corrugated surface, additional effects have to be considered. As schematically illustrated in Fig. 1 , the effective contact area is different when the AFM tip is positioned on a flat part of the surface, on a hill or in a valley. The shape of the tip, including the tip radius and aspect ratio, plays an important role there. Moreover, when the cantilever is scanned across a corrugated surface, a feedback control loop cannot precisely follow sharp morphological features (steps, edges). The result is increased or decreased load onto a cantilever and thus also change of the contact area. In this manner, artificial features (artifacts) may be introduced into both morphology and local current images.
The local electrical contact is also sensitive to surface contaminants [25] . The surface contaminant layer can be formed by adsorbates or a thin layer of natural oxide (SiO 2 ) on silicon surfaces (see Fig. 1 (e) and (f)). Such an interfacial layer between a cantilever and silicon sample can still be transparent for electrons by tunnelling or the cantilever may penetrate it with a large enough load.
For a good electrical contact conductive cantilevers should be used. Basic cantilevers are usually made of highly doped n-type monocrystalline silicon, with the resistivity as low as 0.010 − 0.025 Ωcm. The tip radius < 15 nm enables very high lateral resolution. To improve the conductivity and prevent oxidation the cantilevers can be coated with a metallic layer.
However, if the tip is in contact to the sample, wear of the coating at the very tip may occur [23] . For more durable and stable tips a polycrystalline diamond coating can be applied.
The recent progress allowed also p-doping of the diamond layer. The tip radius is in the range of 100 − 200 nm, yet the tip often exhibits a roughness in the 10 nm regime which improves the resolution on flat surfaces.
In this paper, structure and electronic properties of µc-Si:H grown on various substrates (metallic, device quality a-Si:H, and laser annealed a-Si:H) were studied with a high lateral resolution by simultaneous imaging of morphology and electronic conduction in AFM using various types of conductive cantilevers.
II. EXPERIMENTAL A. Preparation of samples
All silicon layers were grown by radio frequency (13.56 MHz) PECVD technique with either 4.5% dilution of silane (SiH 4 ) in hydrogen to obtain microcrystalline silicon or 8% dilution to obtain a-Si:H.
To investigate initial stages of microcrystalline silicon growth on a metallic substrate, a µc-Si:H layer with a thickness of about 100 nm was deposited on a nickel-chromium (NiCr) contact evaporated on a Corning 7059 glass substrate. 
B. Current measurement in atomic force microscope
The UHV AFM/STM stage by Omicron Vakuumphysik was employed to probe both the surface morphology and local electronic properties of the thin films. AFM operation under ultra high vacuum and the in-situ sample deposition were found necessary for good electrical contact and well defined sample properties.
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The AFM was operated in contact mode with constant normal force. In this paper the surface morphologies are mostly represented by so called normal force image which shows the feedback reaction to the surface corrugation and in which the structural details are accentuated.
To obtain maps of local currents at the same time a dc voltage was applied to the bottom sample contact and the current was registered, as illustrated in Fig. 2 . In this manner, transport and structural properties can be directly compared. The measurement perpendicular to the substrate is important for evaluation of material performance in solar cell, but the influence of contacts must be taken into account.
The local current images were obtained mostly with Nanosensors' PtIr5 coated cantilevers. To prevent wear of the coating at the tip, the contact forces were maintained low, in the order of 10
N. On the other hand it was found that the performance of the cantilever can be refreshed by the voltage pulses of up to 10 V applied to the cantilever. The resulting high electric field in the vicinity of the tip either blows away thin SiO 2 layer on the exposed silicon body of the tip or redeposits the metal on the very tip from farther parts of the cantilever.
For high resolution imaging of grain boundaries pure silicon cantilevers were applied.
Although the silicon cantilevers are covered with natural oxide SiO 2 , they were found to provide a good electrical contact under a large contact force of ≈ 10 −6 N. The oxide layer was most likely abraded during the scanning with this relatively heavy load applied onto the tip.
C. Local current as a function of voltage and time
Since the sample and probing tips incorporate both metals and semiconductors of various doping type and doping level, space charge regions are formed at their junctions and can represent barriers for electronic transport. In undoped a-Si:H or µc-Si:H, an electron depletion layer is typically formed since their equilibrium Fermi energy is above the middle of the 6 gap [27] . The barrier height can be affected by surface states, thin dielectric interfacial layer, and other factors [28] . In a reverse bias the current on an ideal barrier saturates. However, there are other current sources which lead to a leakage current and apparent decrease of the barrier: tunnelling through the barrier [28] , thermal generation current in the space charge region [29, 30] , field emission at a high bias voltage, etc.
In the typical sandwich structure of metal/semiconductor/metal, the sample can be considered as a pair of back-to-back Schottky barriers. The influence of transport barriers on the local current was investigated by measurement of current-voltage characteristics.
Two typical I(U ) curves measured by PtIr5 coated cantilever on µc-Si:H sample grown on as-deposited a-Si:H substrate layer are shown in Fig. 3 . One was acquired on amorphous (filled circles) and the other one on microcrystalline region (open squares).
The conductivity in amorphous and microcrystalline silicon is a thermally activated process. Activation energy in a good intrinsic µc-Si:H is typically ≈ 0.5 eV [8] , while in comparable a-Si:H it is more than 0.7 eV. Assuming similar values of the prefactor, the conductivity of µc-Si:H is then several orders of magnitude higher than that of a-Si:H, in agreement with I(U ) characteristics. This can provide a contrast between amorphous and crystalline material in current.
The I(U ) characteristics are not ohmic. The barrier is opening for the positive bias voltage on the sample. At higher negative voltages the leakage currents through the barrier can be observed. This behavior is in agreement with work function difference between platinum (5.6 eV) and silicon (e.g. 4.8 eV) and shows that local current is predominantly determined by the properties of the material close to the cantilever tip.
The time is also a factor in the current measurements. For time periods shorter than dielectric relaxation time of the material (typically 1 ms in undoped a-Si:H [31] or 1 µs in undoped µc-Si:H [32] ), the bias voltage simply adds to any internal field in the sample. At longer times the field in the sample becomes nonuniform. In amorphous silicon the field is typically confined to depletion layers at electrodes. In µc-Si:H the field redistribution throughout the sample is more complex due to grain boundaries [8, 33] .
When surface morphology and local current are registered simultaneously, the voltage bias is applied prior to the scanning and then held constant between cantilever and the sample as the image is rendered. Nevertheless as the cantilever scans across the surface, the material feels the voltage as being just applied at a particular measurement point.
Evolution of the local current as a function of time I(t) was monitored when the cantilever was not scanning the surface, it was positioned at a fixed spot and the contact was maintained by the feedback control. The I(t) curve was acquired by a Keithley K237 for 30 min after The decay is much longer than expected from the dielectric relaxation time. It may be related to a slow, thermally generated transient depletion of carriers from the states in the mobility gap [30, 34] . The decay is non-exponential because the Fermi energy is time dependent and moves during the charge depletion.
To render the current images the local current was usually averaged for 2.5 ms at one image point. Thus the current images should be understood as a snapshot of electronic properties at a particular time.
III. RESULTS AND DISCUSSION
A. Growth on metallic substrate AFM surface morphology and local current image of the 100 nm µc-Si:H layer grown on the NiCr contact are shown in Fig. 5 . The images were obtained using PtIr5 coated cantilever and 3 V bias voltage. The surface morphology, which is represented by normal force image in Fig. 5(a) , appears to be populated by hillocks of similar size and shape. The current image in Fig. 5(b) resolves dark and bright regions. Spatial profiles in Fig. 5(c) show that 8 these regions exhibit pronounced difference in conductivity while in the morphology they are very similar. Fig. 3 the dark (less conducting) areas in Fig. 5(b) are assumed to correspond to the amorphous tissue while brighter areas, exhibiting much higher currents, are associated with crystalline material. Comparing the area of regions with current above and below the discrimination level of 10 pA (see the spatial profiles in Fig.   5(c) ) the fraction of crystalline material was estimated to about 78%.
Based on I(U ) characteristics in
For comparison, a layer of purely amorphous silicon with the same thickness and on the same substrate was investigated. Later, this type of layer was used as a substrate for further growth of µc-Si:H (see section III B). Its AFM surface morphology and local current image obtained at 5 V bias are shown in Fig. 6 . Note that the bias voltage was higher compared to measurement on the µc-Si:H layer in order to induce reasonably detectable currents.
In morphology, a-Si:H looks similar to µc-Si:H. Yet the current image is completely different: the local conductivity is higher at the boundaries of hillocks and lower on their tops. The enhanced conductivity at the hillock boundaries is most likely not the material feature, but it is due to different geometry of local contact there, the effect of which was described in the introduction.
B. Growth on a-Si:H
AFM surface morphology and current map (at 3 V bias) of the µc-Si:H grown on the as-deposited a-Si:H substrate layer are shown in Fig. 7 . In the surface morphology ( Fig.   7(a) ) roughly circular protrusions can be resolved above the smoother and relatively flat rest of the surface. The larger protrusions exhibit a fine structure composed of rounded features with sizes around 20 nm. The protrusions were assumed to correspond to the surface of the silicon crystallites and crystalline columns surrounded by the amorphous matrix. This was clearly proved by the current map in Fig. 7(b) and the current line profile in Fig. 7 (c), which shows that the local current is much higher on the protrusions than on the rest of the sample, in agreement with expected higher conductivity of µc-Si:H in comparison to a-Si:H.
Features similar to those displayed in Fig. 7(b) were observed in local current when the cantilever scanned the region over a gap in the NiCr bottom contact where the sample has grown on a bare glass (see Fig. 8 ). In this case the current flowing through the cantileversample junction was collected laterally to the bottom contact edge distant approx. 0.2 mm.
Although the current is very low at 3 V bias voltage due to the limitation by additional sheet resistance of the film, amorphous and microcrystalline regions are still clearly resolved. This confirms that the contrast in current is predominantly determined by the material properties close to the tip.
The parallel measurement of AFM morphology and local current map allows clear identification not only of the large crystalline columns but also of small separate crystallites which are hard to distinguish in the AFM surface morphology. This is illustrated by comparison of the height and current line profiles in Fig. 7(c) . They pass through one large and one small crystallite as indicated by the arrows in Figs. 7(a) and (b) . Even very small crystallite at x = 500 nm which would pass unnoticed in the morphology can be identified in the current.
On the other hand, although a hillock is observed in sample height at the position around x = 650 nm, the current remains low, indicating an amorphous region. The large irregularities of the current observed on top of the crystalline columns are not noise but reflect their fine granular structure (see section III D).
The currents registered on the smaller crystallites are lower than on the larger ones. The lower current flowing through small crystallites can be explained by the smaller crystallite surface connecting it to the amorphous matrix or by larger distance to the underlying bottom contact.
From the area occupied by the crystallites in Fig. 7(b) , the crystallinity could be estimated to 40%. This is much less than the crystalline fraction of 78% found in µc-Si:H, which was grown on NiCr substrate and the thickness of which was only 100 nm. Obviously the a-Si:H substrate layer inhibited the nucleation and retarded the development of the µc-Si:H layer.
C. Growth on laser annealed a-Si:H
The retarded development of crystallinity of µc-Si:H layer when it is grown on a-Si:H substrate can present a problem in a-Si:H/µc-Si:H devices. As shown in Fig. 9, both the surface morphology and current image are substantially different in the area where the amorphous sublayer was annealed by a single excimer laser pulse prior to the further µc-Si:H growth. In this case very high fraction of crystallites and negligible amorphous tissue is observed on the surface. Fluctuations in the current can be attributed to the fine granular structure and some residual amorphous phase. The crystallinity estimated from the current map reached about 95%.
The estimates of the crystalline fraction were verified by Raman scattering spectra measured using argon laser excitation with short penetration depth. The crystallinity was simply deduced from the ratio of Raman intensity at 520 and 480 cm −1 in spectra shown in Fig. 10 .
The results 56% and 88% are in qualitative agreement with the values found from the local current images of the layer grown on as-deposited (40%) and laser annealed a-Si:H (95%) sublayers.
The effect of laser annealing is corroborated by measurement of absorption coefficient as a function of photon energy using constant photocurrent method (CPM) [35] . The CPM spectra in Fig. 11 clearly show that the properties of µc-Si:H grown on as-deposited a-Si:H sublayer (Fig. 7) are dominated by amorphous tissue while the absorption spectra of the sample grown on laser annealed sublayer are close to fully microcrystalline silicon in a very good agreement with the AFM results (Fig. 9) .
A question arises why the crystallinity of µc-Si:H increases on laser annealed in comparison to as-deposited a-Si:H. Excimer laser irradiation may either crystallize the a-Si:H sublayer [26] or create a large number of defects in it. In both cases this leads to much higher nucleation density for the subsequent microcrystalline silicon growth.
D. Microcrystalline structure in detail
The crystalline protrusions, shown in Figs. 7 and 9, appear to have a fine structure.
In order to probe structural details we have used a doped silicon cantilever without any coating. The surface morphology image of a scan area (250x250 nm) in Fig. 12(a) shows a detail of a crystalline protrusion with obvious cauliflower structure. Corresponding local current image in Fig. 12(b) , acquired at 5 V bias voltage, shows that the current on the protrusion is also inhomogeneous. Note that the conductive regions are separated by thin, more resistive boundaries. This is in a sharp contrast to the current image of a-Si:H in Fig.   6 where the current is larger along the boundaries of the hillocks.
Based on these observations, the individual conductive regions on the protrusions correspond to small crystalline grains, the size of which ranges from 10 to 30 nm. The dark lines separating the grains can be then attributed to the grain boundaries. The spatial profiles of surface corrugation and local current in Fig. 12 
IV. CONCLUSIONS
To conclude, ultra high vacuum atomic force microscope was applied to study the effect of metallic, device quality, and laser annealed a-Si:H substrates on µc-Si:H nucleation and growth. Surface morphology and local electronic properties were characterized with lateral resolution below 5 nm by simultaneous measurement of AFM and spatially resolved current maps. Operation in vacuum and in-situ deposition provided stable and well-defined conditions.
The coexistent amorphous and crystalline phases were clearly identified due to their different conductivity and directly correlated with the microstructure of the layers. Grains as small as 10−30 nm were revealed. They were separated by less conductive grain boundaries.
On metallic substrate the microcrystalline phase was developing faster than on amorphous substrate. By single pulse laser annealing of a-Si:H substrate prior to µc-Si:H deposition the crystalline fraction was significantly increased. The evaluation of crystallinity from AFM images was corroborated by absorption coefficient and Raman scattering spectra.
The presented results showed how important is to characterize and control material properties on a nanoscale, even for large area devices such as solar cells. 
